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Abstract: Previous work has shown that young children exhibit more
difficulty understanding speech in the presence of speech-like distractors
than do adults, and are more susceptible to at least some form of infor-
mational masking (IM). Yet little is known about how/when the
“susceptibility” to linguistically-based IM develops. The authors tested
adults, school-age children (aged 8 yrs), and preschool-age children
(aged 4 yrs) on sentence recognition in the presence of normal speech,
“jumbled” speech, and reversed speech distractors. As has been found
previously with adults [e.g., Summers and Molis (2004). J. Speech,
Lang. Hear. Res. 47, 245-256], children in both age groups showed a
release of masking when the distractor was uninterpretable (reversed
speech). This suggests that children already demonstrate linguistically-
based IM by the age of 4 yrs.
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1. Introduction

The ability to understand speech in the presence of distracting sounds (speech or other-
wise) is a critical skill for all listeners, but perhaps is especially important for preschool
and school-age children, who spend significant portions of time in classroom settings
where noise levels can be high. Distractors can interfere with their ability both to com-
prehend language and learn from it (e.g., Hétu et al, 1990; Hygge et al, 2002; Shield
and Dockrell, 2003). Children have more difficulty understanding speech in the pres-
ence of background sounds than do adults, particularly when the distractor consists of
speech (Fallon et al., 2000; Hall et al., 2012; Klatte et al., 2010). However, the degree
of interference caused by unwanted speech may depend on its linguistic content. If so,
the masking young children experience from unwanted speech may develop over time
as they mature and acquire language, and may differ among different age groups. The
present study explores this age-related difference.

Background sounds can have effects at multiple levels. First, unwanted sounds
may obscure the target speech due to overlap in the neural representations in the audi-
tory periphery, a factor known as “energetic masking” (EM). This can make portions
of the target signal inaudible, degrading the quality of the speech. But background dis-
tractors can also cause “informational masking” (IM), originating at higher levels of
processing, which is the focus of the present study. IM may be caused by multiple
aspects of the target and competing sounds, or by the way those sounds are presented
(see Kidd et al., 2008). But when the competing and target sounds are both speech, lin-
guistic factors may be key (Brouwer et al., 2012).

Adults show greater masking from a background speech signal that is intelli-
gible (such as forwards speech in a known language) than from an unintelligible speech
or speech-like signal (e.g., reversed speech or foreign speech; see Francart ez al., 2011;
Hoen et al., 2007; Summers and Molis, 2004). Summers and Molis suggested this was
the result of “competitive processing of words and phrases within the speech masker”
(p. 245).

Because language develops from infancy throughout childhood it seems likely
that this linguistically-based IM would also change and develop over time. Although
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preschool-age children have been found to be more vulnerable to IM caused by stimu-
lus uncertainty in nonspeech sounds than adults (Oh ez al., 2001), little is known about
children’s susceptibility to linguistically-based IM. Children’s language skills are still
developing, and they may not be able to process the linguistic message of a masker in
the same manner as an adult, and so it is possible that they might in fact show less
linguistically-based IM than adults. In line with this idea, Newman (2009) has found
that young infants show no apparent difference between a forwards- and backwards-
speech masker, presumably because they are less likely to interpret either signal linguis-
tically. Also, Johnstone and Litovsky (2006) reported that the release from masking
due to time reversal of speech maskers observed for adults was not present for children
aged 5-7 yrs who exhibited about the same performance for each masker type. While
these findings suggest that some developmental change occurs that affects IM, there is
little evidence to date that indicates when such a change might take place.

The current study was intended to explore this issue more directly. We exam-
ined the identification of target words in the presence of three maskers that had equal
spectral overlap (long-term average spectra) with the target (i.e., same EM), but which
differed in their potential for producing linguistically-based IM. We tested three groups
of listeners: college-age young adults, 8-yr-old school children, and 4-yr-old preschool
children. These two groups of children provide insight into the development of
linguistically-based IM that must occur from infancy (e.g., Newman, 2009) through
adulthood (e.g., Kidd et al, 2008). Our hypothesis was that meaningful and non-
meaningful speech distractors would produce similar masking in the younger children
(that is, they would not show linguistically-based IM) if their language development
was immature, whereas older children and adults would show significantly less masking
for the non-meaningful maskers (an indication of additional masking caused by an
intelligible linguistic message in the background). Based on the results of the limited
work on this topic reported in the past, our prediction was that this developmental
change would occur at some point between 4 and 8 yrs of age.

2. Methods

Twenty participants aged 4-4.5 yrs (“preschool children”; 14 female, 6 male, range 4
yrs 0 months—4 yrs 6 months), 20 participants aged 8.5-9 yrs (“school-age-children”;
10 female, 10 male; range 8 yrs 6 months-9 yrs 1 month.), and 16 adults (14 female, 2
male) participated. All were native speakers of English, although 7 participants (4 pre-
schoolers, 1 school-age, and 2 adults) heard another language 20% of the time or less.
Data were dropped from an additional 16 participants (11 preschool children, 2
school-age children, 3 adults) for the following reasons: experimenter error (n=1);
unwillingness to perform the task (e.g., pointing to multiple answers, not attending;
n=>5); incorrect age at test (n=2); refusal to wear headphones (n=1); failure to com-
plete (n=23); diagnosis of attention deficit disorder (n=1); or video recording difficul-
ties (n=3). All parents reported normal hearing, language, and cognitive development
for their children, as well as no current ear infections, and all adults reported likewise.

Stimuli consisted of visual displays of four images, matched for style and size,
combined with a six-word auditory sentence consisting of “Now point to the” followed
by two critical words (an adjective and a noun). For example, participants might hear
“Now point to the blue car!” when seeing a blue car, a gray car, a blue bottle, and a
gray bottle; perceiving either critical word would be insufficient to identify the appro-
priate image.

Target sentences were presented either in isolation, or in the presence of one
of three distractor signals: normal speech (an approximately six-word utterance made
of concatenated individual words; e.g., “Airplanes. Fly. High. And. Quite. Fast.”), jum-
bled speech (the same words in a jumbled order; e.g., “High. Fast. Fly. Airplanes. And.
Quite.”), or reversed speech (the normal speech sentence played in reverse; “.tsaF.
etuiQ. dnA. hgiH. yIF. senalpriA”). All distractors were created by concatenating
individually-recorded words (produced as part of a random word list) so as to avoid
any coarticulatory or prosodic cues across words that would be disrupted when jum-
bling their order. The same word recordings were used in each of the three distractor
conditions so as to match for spectral energy (EM). They differed primarily in the
extent to which they provided linguistic information that could interfere with process-
ing the target sentence (their potential for linguistic IM)."! Target sentences were like-
wise produced as concatenated words in order to enhance opportunities for IM; the
use of the same initial four words in all target sentences (“Now. Point. To. The.”)
served to designate the target sentence and provided an opportunity for any buildup of
stream-segregation and/or IM to develop. However, it is worth noting that the lack of
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sentence-level prosody in our sentences may have made them more akin to word lists
than true sentences, and could affect the results (a topic we return to later).

Six different female native-English speaking talkers were recorded, with each
occurring equally often as target and as distractor. Talkers were provided with a list of
approximately 125 words in alphabetical order to record in a noise-reducing sound
booth, using a Shure SM81 microphone (Niles, IL) at a 44.1 kHz sampling rate and 16
bits precision, and adjusted to be the same peak amplitude. Words were concatenated
(without intervening silence) to form the target and distractor sentences. All words in a
single sentence were from the same speaker; target and background streams were from
different talkers, began at the same time point, and were mixed together at equal root-
mean-square intensity levels (0dB signal-to-noise ratio). The background stream
always ended slightly after the target, to ensure the final word in the target stream was
not unmasked. These were presented diotically over headphones at a comfortable lis-
tening level (the same level for all participants).

Participants faced a computer running Psyscope X.> On each trial, they saw
the four images appear and, simultaneously, heard a female talker tell them to point to
one image (e.g., “Now point to the blue car!”). They first heard a 4-trial training block
(one trial in each condition, with different sentences than in the test trials) to familiar-
ize them with the task, and then proceeded to the test block, containing a total of 120
trials, with 40 per condition (quiet, normal-speech distractor, jumbled-speech distrac-
tor, and reversed-speech distractor), distributed equally among all combinations of tar-
get and background talker. Which sentence occurred in which condition was counter-
balanced across participants; the location of the correct image (upper left, upper right,
lower left, lower right) was counterbalanced across trials.

Adult participants were instructed to select the correct choice on a response
box using one of four buttons; each trial progressed automatically to the next when
the button was pressed. Children were asked to point to the correct image; the experi-
menter then pressed a button to move to the next trial. Children were instructed to
guess when uncertain. All 120 trials were presented in random order in a single block,
but for children pauses were taken to provide reinforcement stickers at approximately
15-trial intervals. The session was videotaped, and two trained observers coded all
responses, with a third as tie-breaker in cases of disagreement. Accuracy was measured
as a percentage score, but statistical analyses used arcsin transforms.

3. Results

As can be seen in Fig. 1, preschool-age children generally showed much poorer per-
formance than the older children, who showed slightly poorer performance than adults.
All three ages showed poorer performance with maskers present than without, and bet-
ter performance with the reversed speech masker than with the intelligible maskers. To
examine these effects statistically, we first conducted a 3 age x 4 masker overall mixed
effects analysis of variance (ANOVA), and (not surprisingly), found main effects of
age [Fps3=122.39, p<0.0001, nﬁzO.822] and masker type [F(3,159)=75.83,
2 <0.0001, 111%:0.59], as well as a significant interaction [F(6,159)=5.97, p <0.0001,
;7[2, =0.18]. Adults were more accurate (89%-95%) than school-age children [83%-97%;
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Fig. 1. Accuracy results (proportion of test words correctly identified) across conditions and listener groups.
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t32=2.59, p=0.014], who were in turn more accurate than preschool children
[50%—81%; t;3sy=11.84, p <0.0001]; accuracy was much higher when there was no
masker present (90%) than when there were any of the other three makers (72%-79%).
Given the interaction, we then explored in more depth the pattern of performance in
each of the ages, starting with the oldest.

As expected, adult listeners showed a significant main effect of masker
[F(3,.45=7.93, p<0.0001, nﬁ =0.346]. Although this was driven in part by higher per-
formance with no masker present (95.2%), the effect remained when only the three
masking conditions were included in the analysis. Accuracy levels for normal (88.7%)
and jumbled (89.0%) speech did not differ [¢;5)=0.34, p=0.74], but both differed
from the reversed speech (94.4%) masker [normal speech: #;s5)=4.22, p <0.0001; jum-
bled speech: f75y=2.69, p=0.017]. Thus, adult listeners showed a significant release
from masking when the masker was unintelligible, but did not show any release from
masking when the masker consisted of interpretable words that did not make a legal
sentence. This suggests that linguistic IM appears to be the result of lexical competition
or source confusion, rather than of true sentence comprehension. It is worth noting,
however, that our sentences did not contain natural sentence-level prosody; it is possi-
ble that this lack of prosody resulted in them not being treated as fully sentence-like;
perhaps we would have found effects of sentence-level comprehension had there also
been sentence-level prosody. Still, sentence-level meaning does not appear to add addi-
tional IM over that of individual words when divorced from prosody. Interestingly,
adults showed very similar performance with a reversed speech masker as with no
masker at all [f45=0.69, p=0.50], providing no evidence for EM; when the masker
did not contain any recognizable lexical items, it provided no apparent masking at all.

Like the adult listeners, school-age children showed a significant main effect of
masker [Fs7=31.32, p<0.0001, 17220.622]. Accuracy levels were nearly-identical
for normal (83.3%) and jumbled (82.8%) speech maskers [#9,=0.37, p=0.71], but at
higher levels for the reversed speech masker (89.3%). This is the same pattern as with
adults. However, while the reversed-speech advantage was significant when compared
to jumbled speech [#(19)=3.07, p=0.006], it was only marginal when compared with
normal speech [f19y=2.07, p=0.053]. The pattern of results suggests that school-age
children, like the adult listeners, show a release from masking when the masking is
unintelligible, and that this seems to be tied to lexical competition or source confusion,
more than sentence comprehension.

The one major difference between school-age children and adults lies in a sig-
nificant effect of masking in the reversed speech condition (89.3%) compared to the
no-masker (97.0%) condition [f19)=6.59, p <0.0001]. Whereas 8-yr-olds performed
similar to (or even slightly better than) adults in the control condition [f34)=1.70,
p=0.099], they performed significantly more poorly in the reversed speech condition
[t34y=2.91, p=0.006]. While they showed some release from masking for the reversed
speech condition compared to other maskers, they did not show the complete release
of masking shown by adults. Although school-age children appeared to perform more
poorly than adults in the normal and jumbled speech conditions, neither difference
reached significance [f34)=1.33, p=0.19 and #34)=2.02, p=0.052, respectively].

Preschool-age children showed much lower overall accuracy levels; comparing
the two child groups, there are main effects of masker [F314)=285.16, p <0.0001,
m,=0.69] and age [F35=134.06, p<0.0001, 5;=0.779], but no interaction
[F3114=1.57, p=0.201, 17]2, =0.04]. This suggests that while the younger children per-
formed more poorly overall, they showed the same general pattern as older children.
Preschool-age children showed a main effect of masker [F(; 19)=57.25, p<0.0001,
11127:0.75], with equivalent performance in the normal (50.7%) and jumbled (50.2%)
conditions [#(j9)=0.22, p=0.82], but better performance (56.0%) in reversed speech
[although this was significant only when compared to jumbled speech; reversed vs nor-
mal speech: #j9)=1.80, p=0.087; vs jumbled speech: fi9y=2.11, p=0.048]. Thus,
even these preschoolers show a release from masking when the masker is unintelligible.

4. Discussion

Children must often attend to speech in settings that include multiple talkers speaking
at once. These unattended/background talkers can interfere with the reception and
comprehension of the speech of the target talker by causing either EM or IM or both.
Children typically have more difficulty understanding speech in the presence of back-
ground talkers than do adults. At the outset, it was unclear whether this observation
reflects a general reduction in performance under any type of multisource competition
or whether it indicates that language has developed sufficiently to support
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linguistically-based IM. Earlier work from Newman (2009) found no evidence for
linguistically-based IM in infants. In the present study, we found that preschool-age
children exhibited greater difficulty with the task in general, even with intelligibility in
quiet. But in particular, their performance on the masked conditions was significantly
lower than was found for older children or adults. This finding is consistent with prior
studies demonstrating that children’s performance is generally poorer than adults in
noisy conditions (Fallon ez al, 2000; Hall et al., 2012; Klatte et al, 2010). However,
although performance was generally poorer overall for the younger children, they
nonetheless showed a pattern of masking as masker type varied that was very similar
to that from adults. All three age groups showed better performance with an unintelli-
gible time-reversed speech masker than an intelligible speech masker. Although this
pattern of findings has been shown previously with adults (Hoen et al., 2007; Summers
and Molis, 2004), it has not previously been shown with young children (cf. Johnstone
and Litovsky, 2006) or infants (cf. Newman, 2009).

The current findings with young children, similar to that with adults (e.g.,
Summers and Molis, 2004; Brouwer et al., 2012), suggest that at least some of this IM
may be the result of lexical competition between target and masker speech.
Furthermore, the language development that presumably underlies this effect appears
to be intact by 4 yrs of age (the mean age of our preschool group). For these proce-
dures and subjects, generally poorer performance (than adults) on speech identification
occurs concurrently with sensitivity to the linguistic content of competing speech
maskers. In other words, while general listening ability remains immature at this age,
the ability to show linguistic interference has matured. This interpretation presumes
that the release from masking that occurred with reversed speech was the result of
linguistically-based IM. Another possibility is that the pattern of results was driven by
a release from EM caused by acoustic differences. While prior work has not examined
EM with forward versus reversed speech in children, findings with adults suggest that
the EM arising from both types of speech is generally equivalent. This work with
adults supports our linguistic interpretation, yet further exploration of this topic with
children is necessary to better tease apart the two possibilities.

Interestingly, none of the three groups showed any difference in performance
levels when the background speech consisted of syntactically-correct sentences com-
pared to jumbled words. This suggests that the effect of linguistic IM, as produced in
this study, is the result of competition from activated lexical representations or from
source confusion, and not the result of phrase or sentence processing. This is not to
say that linguistic IM could not also be generated by sentence-level effects in another
paradigm; our syntactically-correct sentences were produced by concatenating isolated
words, and thus did not have the cohesive prosodic and coarticulatory patterns that
would be found in typical sentences. It is possible that items with sentence-level pros-
ody might induce processing at an additional syntactic level, one not seen here. But for
the items presented here, IM appears not to be based on sentence-level meaning.

The present results suggest that if there is an age-related change in linguistic
IM, it likely is occurring prior to 4 yrs of age. There are several possible explanations
for why preschoolers, but not infants (as suggested by Newman, 2009), might show
such an effect. Chief among them is the fact that linguistic IM requires the presence of
lexical representations that can compete with the target word. Infants are likely to
have fewer such lexical representations, and thus are less likely to demonstrate interfer-
ence. Thus, the differences in IM may be the result of the number of stored lexical rep-
resentations, and not the way that information is processed. One way to examine this
hypothesis (that the processing that leads to IM is not age-dependent) would be to
present young children with distractors consisting of words with lower vs higher typical
age-of-acquisition (AOA); we might expect the same children to show linguistic IM for
words with lower AOA but less masking for words with a higher AOA.

The current results conflict with the findings from Johnstone and Litovsky
(2006) who reported that children showed the same amount of masking from reversed
speech as from forwards speech, rather than the reduced masking reported here. They
suggested that the “novelty of a reversed speech signal affected how children allocated
their attention” (p. 2187); in effect, children were surprised by the unusual signal and
attended to it rather than to the target signal. It should be pointed out, though, that
the procedures used by Johnstone and Litovsky (2006) probably did not create much
IM in the first place. This is because the target and masker talkers were well-
segregated (a sex difference was used to identify the target distinct from the masker
talkers), the target and masking speech were very different (spondees vs IEEE senten-
ces) and so were not easily confused, and the masker began and ended before/after the
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target enhancing segregation by temporal disparities. Consistent with this conclusion,
they reported that a modulated noise masker caused greater masking than the intelli-
gible speech masker. In contrast, here the target and maskers were same-sex talkers
and the content was very similar likely leading to relatively high IM. However, there
are a number of other differences between the two studies and thus the reason for the
different outcomes is not certain.

The current results also do not match our initial predictions. We had expected
that while school-age children would show a release from masking for un-interpretable
speech, as do adults, that preschool children would not. Instead, we found that even
4-yr-old children demonstrated greater masking from an intelligible linguistic message.
It is unclear if this could be assessed in still younger children without implementing sig-
nificant methodological changes that could make comparisons across ages difficult.
Still, the fact that this difference between time-reversed and forward masker speech is
apparent as early as 4 yrs is a novel, and perhaps surprising, result.
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